Abstract. Precise cable drive is an elegant transmission mode and has many advantages of high efficiency, flexible layout, besides being lightweight. Since the common layout, Single-Input Single-Output (SISO) spur gear configuration, suffers from low torque-to-weight ratio and loose structure, this paper proposes a novel transmission configuration with large torque-to-weight and compact size. It combines the advantages of Multiple-Input Single-Output (MISO) configuration and bevel gear configuration. The design methods and transmission kinematics of the novel configuration are studied. An analytical model is developed for characterizing the transmission backlash of the proposed configuration, which is derived by simultaneous satisfying system's constitutive relation, equilibrium, and geometric constraints. Parametric sensitivities are carried out to investigate the influence of the major design parameter on the transmission characteristics. At last, a prototype of MISO with bevel gear configuration cable drive mechanism (MBCDM) is built, with which a series of experiments are carried out. This mechanism could achieve maximum output torque of 3.3 Nm with considerable toque-to-weight ratio of 9.649 Nm kg −1 . The experimental results show that the transmission backlash and ripple torque are dominant nonlinear effects in the MBCDM system. It shows that the ripple torque is connected with the rotational displacement, with the highest peak at 694.3 cycle rad −1 and the amplitude of 24.67 µrad. The transmission backlash experimental results are in good agreement with simulation ones, with the error level of 4.14 %.
Introduction
Precise cable drive (Lu et al., 2011; Lu, 2013; Lu and Fan, 2013; Fan et al., 2018) is an elegant transmission mode and has many advantages of high efficiency, flexible layout, besides being lightweight. These properties make precise cable drive widely used in the acquiring tracking and pointing (ATP) applications (Ren and Stephens, 2015) , such as free space laser communication system (Sofka, 2007; Korevaar and Bloom, 1993) , satellite remote sensing platform (Li et al., 2015; Zhang et al., 2013) and hybrid active vision robot (Dankers and Zelinsky, 2004; Sutherland et al., 2000) . But in some special applications such as stabilized sighting system or infrared imaging seeker (Lu et al., 2015; Debruin and Royalty, 1996) , it is expected that the precise cable drive mechanism not only features high position control accuracy, but also possesses a large torque-to-weight ratio. Furthermore, it is necessary to be compact for the highly confined spaces in such applications. Therefore, this paper is concentrated on the design and performance analysis of a one degrees-offreedom(DOF) novel configuration precise cable drive mechanism which has high pointing precision, light weight, large torque-to-weight ratio and compact structure.
Single-Input Single-Output (SISO) spur gear configuration (Lu et al., 2011; Sofka, 2007) is the most common layout of the precise cable drive mechanism, due to its merits including elegant simplicity, low inertia and high efficiency. But this configuration suffers from low torque-to-weight ratio and loose structure. The restrictive condition is the minimum bend radius of the cables that prevents the use of smaller diameter pulleys (Truong et al., 2000) . In response, a Multiple-Input Single-Output (MISO) configuration (Car- son, 1988) whose multiple input pulleys connected by cables to a single output drum has been developed to obtain high output torques. But it is still difficult in decreasing the volume, as the single output drum axis should be parallel to that of the input pulleys. Moreover, the SISO bevel gear configuration (Truong et al., 2000; Dankers and Zelinsky, 2004; Salisbury and Townsend, 1993 ) that transmits torque across orthogonal shafts is adopted to save space in many precise cable drive mechanisms. But the transmission ratio is also restricted within the available work space. Inspired by the aforementioned research, a novel transmission configuration is initially proposed in this article. It combines the advantages of MISO configuration and bevel gear configuration. It can substantially increase the torque-to-weight ratio within a compact size.
Past studies have involved the design and performance analysis methods of the precise cable drive (Baser and Konukseven, 2010; Kilic and Dolen, 2014; Lu and Fan, 2013; Jung et al., 2008) , but most of those have focused on SISO configuration. The following issues need to be considered for the proposed novel configuration. (a) In order to reduce the structural dimensions and total mass under the desired output torque, it is necessary to optimize the number of driving shafts, transmission ratio, and cable diameter. (b) As a theoretical research focus, to find out what will deteriorate position accuracy in the new configuration has great practical significance. (c) It is necessary to develop an analytical model for characterizing the transmission backlash of the proposed configuration cable drive mechanism.
The main purpose of this study is to provide a base model of a combination of MISO and bevel gear transmission configuration precise cable drive mechanism for addressing the above problems. Specifically, the novel configuration is introduced and the design methods are studied, including transmission configuration and transmission kinematics. An analytical model of transmission backlash is derived by simultaneous satisfying the system's geometric, constitutive relation and equilibrium constraints. Next, parametric sensitivities are carried out to investigate the influence of the major design parameter on the transmission characteristics. At last, a prototype of MISO with bevel gear configuration cable drive mechanism (MBCDM) has been built, with which a series of experiments are carried out. The driving capability is validated through experiments. The dominant nonlinear factors for deteriorating the position control accuracy are analyzed based on experimental results in such a system. The transmission backlash is tested, and corresponding results are in good agreement with theoretical ones.
Mechanical design

Transmission configuration design
The SISO spur gear configuration is a typical layout, as shown in Fig. 1a . The input pulley and output drum are connected by steel cable in a figure eight pattern, with a preload mechanism at one end. A proper preload force is exerted on the cable to prevent slack and improve transmission capability. The steel cable is usually wound around the input drum for several circles to increase the wrap angle. But the transmission capacity is limited by the SISO configuration on the condition that either the single electric motor size or torque is restricted. In response, the MISO configuration of precise cable drive has been put forward to enlarge transmission capacity under a restricted weight, as shown in Fig. 1b . It includes multiple input pulleys connected by separate cables to a single output drum. The input pulleys are evenly placed around the output drum. Each steel cable wraps around one of the input pulleys and the same output drum to transmit the motion to the output shaft. Each cable would be pre-tensioned by the preload mechanism at one end. Moreover, the bevel gear is used for transmitting motion across orthogonal shafts, as shown in Fig. 1c . In this configuration, two cables cross over from input pulley to output drum at a transfer point to provide bi-directional rotation. In order to prevent the cables cross over at an exact same point, the pulleys are axially stepped and two cables wrap on each step. Each cable is terminated and pre-tensioned at ends. It could decrease the size along the axes of the output drum.
In order to extremely improve the torque-to-weight ratio with a compact structure, this paper initially proposes a novel transmission configuration which utilizes a combination of MISO configuration and bevel gear configuration, as shown in Fig. 1d . It is composed of four pulleys, four cables and preload mechanisms. The input pulleys and the guide pulley are parallel to each other, and they are all perpendicular to the output drum. Each input pulley is wrapped by two cables to provide bi-directional rotation. It is noted that the pulleys are axially stepped to produce two smooth surfaces on input pulleys and four smooth surfaces on guide pulley and output drum, without flanges or grooves to guide the cable. Because grooves or flanges on the surface will cause the scrubbing when the cable jump from guide pulley to output drum at the transfer point. The guide pulley and the output drum should be placed closely at the transfer point to facilitate the transition of the cable between the pulleys.
Several advantages exist for the novel configuration proposed in this paper. First of all, this layout can employ dual motors to drive an output pulley. Under the premise of achieving the same driving ability, this novel configuration can obtain larger torque-to-weight ratio than the basic SISO spur gear configuration. It is crucial for the applications with highly confined spaces. Secondly, it is an effective way of saving space by utilizing the bevel gear configuration. Thirdly, an advantage of the multi-motor drive is redundancy for applications requiring high rotary stiffness. The rotary stiffness would increase as the number of steel cable increase, and as the number of input shafts increase. At last, this configuration has better security and lower probability of failure. If multiple drive shafts are employed, and one should fail, the other shafts will work as usual. The main drawback of this configuration can be considered as a fundamental limited roll rotation, which bars their general use in power trains, but it is enough for the fields of stabilized sighting system or infrared imaging seeker.
Transmission kinematics
It is clearly seen in Fig. 2 , the motion of the output pulley (θ o ) is transmitted from the two motors (θ ml , θ mr ). The guide pulley (θ g ) is used to change the direction of motion. The four colored curves represent the cables utilized in this transmission configuration. The cables are all terminated in the input pulleys at one end and pretensioned in the output drum at the other. It is defined as θ o = 0 when the Z axis of output pulley is parallel with the Z axis of the others. It is also defined as θ g = 0, θ ml = 0, θ mr = 0 when the Y axis of guide pulley, or left input pulley, or right input pulley is parallel with the Y axis of output drum, respectively. The output drum is perpendicular to the others. The output drum rotates around the Y axis, and the others rotate around the Z axis. The anticlockwise direction around the rotational axes is defined as the positive angle.
The cylinders are all axially stepped and separate cables run on each step to provide bi-directional rotation. The two input pulleys are designed as a form of two stairs, the radius as (r ml1 > r ml2 ) and (r mr1 > r mr2 ), respectively. The guide and output pulleys are designed as a form of four stairs, the radius as (r g1 > r g2 > r g3 > r g4 ) and (r o1 > r o2 > r o3 > r o4 ), respectively. According to the geometric constraints, the following expressions for the radius of the pulleys should be satisfied.
( 1) where i g , i ml , i mr represent the transmission ratio between output and guide pulley, left input and guide pulley, right input and guide pulley, respectively.
Transmission backlash analysis
Transmission backlash exists due to the elasticity of the cables and the load acting on it. This behavior not only deteriorates the control accuracy, reducing the bandwidth, causing limit cycle oscillation and leading to steady-state vibration, but also is a major factor giving rise to nonlinear dynamic response, such as frequency jump, chaos and bifurcation. Therefore, it is significant to model the backlash characteristics of the proposed configuration. To better understand the generating mechanism of the transmission backlash, we define transmission error as the deviation between the actual position output, θ o , and the desired position output (position input, θ i , divided by transmission ratio, i c ), namely,
Transmission backlash is defined as the amount of the abrupt variation of the transmission error. It is originated from the change in elastic elongation of the cable, which in turn results from the abrupt change in applied load. Determining the cable tension requires the knowledge of the equilibrium tension profile in the contact region, which could be derived by the classical creep theory. This theory assumes that friction is developed due to the relative slip motion between the cable and the pulley, and a Coulomb law describes the cablepulley friction (Kong and Parker, 2005) . Figure 3a shows the tension and affected angles of wrap in SISO configuration when an external load M l is applied to the output drum. As a result, the cable tension of the free length AH and DE change to T h and T l from a uniform preload force, T pre , respectively. The affected slip angles can be divided into three parts on input pulley (radius, r i ) θ i_slip1 , θ i_nonslip , θ i_slip2 , and three parts on output drum (radius, r o ) θ o_slip1 , θ o_nonslip , θ o_slip2 , respectively. Assuming that the output drum rotates in the counterclockwise direction initially. Thus AH and DE become the tight side and the slack side, respectively. The equivalent spring model of SISO configuration is shown in Fig. 3b . The deformations of cable could be divided into two parts due to the variation of the cable tension of free length. The deformation of cable on side1 (δ o_slip1 , δ free1 , δ i_slip1 ) is elongated due to the cable tension of the free length AH increases. And the deformation of cable on side2 (δ o_slip2 , δ free2 , δ i_slip2 ) is shortened due to the cable tension of the free length DE decreases. As to the proposed configuration, the equivalent model is depicted in Fig. 3c . The two input pulleys bear the external load simultaneously. When the external load applies to the output drum, the deformations of cable on side1 and side4 are both shorten and the deformations of cable on side2 and side3 are both elongated. Based on the torque equilibrium equation, the ca-ble tension of the free length can be obtained as
The tension in the slip region T (θ) and slip angles could be derived as,
According to the Hooke's law (Baser and Konukseven, 2010) , the cable deflection in the corresponding slip region and free cable segment, namely δ o_slip1 , δ o_slip2 , δ i_slip1 , δ i_slip2 , δ free could be written as,
Assuming that the overall length of the cable remains unchanged, the geometric constraint is therefore
Substituting the torque equilibrium equation (Eq. 3), the cable deformation in the corresponding slip region Eqs. (7)- (12) into the geometric constraint (Eq. 13) to get the cable tension on the free length.
The pulleys usually are close together to increase wrap angle and decrease the axial force of the pulleys in the proposed prototype. The free length distance would be very small in this configuration. And the friction coefficient, µ, generally ranges from 0.15 to 0.2. We could assume that
Then, the Eq. (14) could be simplified as
Solving for T l and T h we find
The transmission backlash, θ b , is equal to the cable deflection on one side, δ slip_BAHG or δ slip_CDEF , divided by the output drum radius, r o .
Substituting the Eqs. (7), (9) and (11) into Eq. (19), we can obtain the backlash angle of this novel configuration precise cable drive.
Case study
In order to validate the design and performance analysis methods of the proposed configuration, the parametric sensitivities would be investigated after determining the specific parameters.
Parameter determination
Shape and configuration of the designed 1-DOF MISO with bevel gear configuration cable drive mechanism (MBCDM) are shown in Fig. 4 . The mechanism includes fixed support, DC motors, input pulleys, guide pulley, output drum, pretension mechanism and encoders. Two DC motors are mounted on the fixed support in parallel to rotate the two input pulleys. Then the force and motion transmit to output drum across orthogonal shafts which can save space effectively. Turnbuckles at the point where the cables terminate on the pulley surface are used as the pretension mechanism. Three optical encoders are attached on the shafts to sense its rotary motion. Each input pulley is drived by a DC motor (2.9 mN × m, 18g) and gearboxes (76 : 1). The material properties of the selected cable and the geometry parameters of the developed MBCDM are shown in Tables 1 and 2 , respectively. In this way, MBCDM can obtain a large torque-to-weight Ratio (11.14 Nm kg −1 ) with a light weight (350g) theoretically. The volume of the mechanism is 126 × 97 × 34.8 mm 3 .
Parameter sensitivities
Based on the proposed transmission characteristics models, parametric sensitivities are carried out to investigate how the design parameters affect the proposed transmission characteristics. It is noted that when one of parameters varies, the others remain the initial value. Using the parameters in Tables 1, 2 and µ = 0.15 as the initial values in the simulation. From Eq. (20), transmission backlash mainly determined by five cases, which are preload force T pre , external torque M l , friction coefficient µ, tensile modulus E, and center distance L. The initial values of the parameters of the mechanism are shown in Tables 1 and 2 . The parametric analysis results of the proposed configuration are presented in Fig. 5 .
As shown in the figure, the transmission backlash decreases as the increase of preload force, friction coefficient and tensile modulus, or as the decrease of external torque and center distance. Therefore, the optimized design should maximize one performance indicator on the premise of ensuring the sufficiency of the others. The external torque is the most sensitive parameter among the design parameters. Thus, external torque should be first considered in the parameter adjustment phase. The backlash plunges dramatically when the friction coefficient is small, and flattens out since friction coefficient larger than 0.3. It is also important to increase the friction coefficient to a threshold value by lubrication or other methods.
Moreover, the tensile modulus of the cable increases as the cable diameter increases, as shown in Fig. 5c . On the other hand, it is known that the bending stress of cable would be increased when a radius ratio of the cable radius to the pulley radius is getting decreased. This leads to an increase in wear between strands, which greatly reduces cable fatigue life. Therefore, a trade-off should be made between the transmission backlash and fatigue life when selecting the cable.
Preload force is the main parameter to regulate the behavior of the transmission characteristics. By increasing the preload force, the system could achieve lower transmission backlash, but the rate of decrease is reduced. It is necessary to find the threshold value of preload force to keep the backlash in a stable state. The results of the parameter sensitivities provide some suggestions about optimizing the transmission characteristics.
Experiments and results
In order to validate the proposed design and performance analysis methods, a prototype of the designed MBCDM has been constructed, as shown in Fig. 6a . All components are assembled together carefully and the MBCDM possesses a compact structure and light weight with 342g. The experimental system mainly consists of the MBCDM, torque sensor (Kistler 9349A, with measuring range of ±30 Nm), optical encoder A (AEDA-3300TBN, with resolution of 191.74 µrad), optical encoder B (HEIDENHAIN RON285, with resolution of 1.364 µrad), inertial plate, torque motor, magnetic powder brake, and dSPACE1103 semi-physical simulation system. The optical encoder A and the optical encoder B are used to obtain the rotational displacement of input and output shaft, respectively. The torque sensor is utilized to measure the real-time torque on the shaft. The inertial plate is mounted on the test apparatus to simulate the mass unbalances. The torque motor is installed at one end to test the driving capability of the MBCDM, as shown in Fig. 6b . The transmission backlash would be tested when the torque motor is replaced by the magnetic powder brake, as shown in Fig. 6c . A dSPACE system (DS-1103) is utilized to decode the feedback signals and generate real-time codes for such a system.
Driving capability test
To test the driving capability of the MBCDM, the torque motor is installed at one end, as shown in Fig. 6b . The MBCDM system works in the position closed-loop mode. Meanwhile, the torque motor gives a low slope ramp signal on the condition of open loop. Figure 7 shows the time history of realtime output torque measured by the torque sensor. The maximum output torque is about 3.3 N × m, which is slightly less than the theoretical value of 3.9 N × m. The reasons include the preload is hard to reach the designed value and the synchronous control problems of the dual motors. It would be an effective method to improve the driving capability by increasing the wrap angle or transmission ratio. But it deserves to note that this system has reached a considerable toque-toweight ratio of 9.649 N × m kg −1 with a compact size. The advantages of the MISO with bevel gear configuration have been fully shown in this experiment. Figure 8a shows the experimental results for a 0.05 Hz sinusoidal excitation with the amplitude of 100 mrad. The left ordinate depicts the time history of the reference and angular response and the right ordinate presents the angular response error. The angular response error is defined as the difference of the reference and actual rotational displacement of output shaft. It can be observed that the amplitude of the tracking error is about ±0.3 mrad. The transmission backlash and rip- ple torque are dominant nonlinear effects in the MBCDM system. The former one is usually appeared at the moment when the direction of motion is changed. The performances of the precise cable drive mechanism are mainly restricted by its transmission backlash, which could reach several hundred microradians. The generating mechanism, along with comparison results of transmission backlash are presented later. The latter one is a deviation from desired torque, which could lead to speed oscillations, deteriorating the position control accuracy. The reasons for ripple torque of precise cable drive are plentiful, such as repetitive contact, load variation and DC current offset from the motor. Figure 8b shows the spatial frequency spectrum of the angular response error. The highest peak is measured at 694.3 cycle rad −1 with the amplitude of 24.67 µrad. It shows that the ripple torque in MBCDM is a function of the rotational displacement. The effect could be modeled and suppressed to improve the position control accuracy.
Positioning performance test
Transmission backlash test
The magnetic powder brake is installed to test the transmission backlash of the MBCDM, as shown in Fig. 6c . In order to keep the pulleys in quasi-static condition to avoid the cable vibration due to resonance, the MBCDM is excited by a sinusoidal signal of frequency of 0.1 Hz and amplitude of 50 mrad in position closed-loop control mode. Transmission error could be calculated by Eq. (2), with the real-time rotational displacement of input and output shaft from optical encoder A and B. Figure 9a shows that the external torque and transmission error undergo a sudden change simultaneously. Transmission backlash is defined as the amount of the abrupt variation. The experimental results prove that transmission backlash is originated from the abrupt change of the external load. Figure 9b shows that each of the experimental and simulation results of transmission backlash varies with position output. The simulation results are calculated by the experimentally measured external load and other parameters given above. The simulations capture all the major trends observed in experiments and match the numbers closely. In the experimental results, we observe that the transmission backlash emerges at the time when we apply external load initially to the preloaded cable and the time when we reverse the direction of the motion, as predicted by simulations. Using RMSE (Root Mean Square Error) to evaluate the goodness of fit between the simulation and experimental results. The RMSE for the proposed model in this case is about 4.14 %. The actual transmission backlash is about 0.33 mrad when T pre =70 N, M l = 0.91 Nm. The difference between the theoretical value derived by Eq. (20) and the experimental result is approximately 9.7 %. It can be concluded that the results of theoretical analysis are in good agreement with experimental ones. The research results in this paper would be useful in the mechanical design, as well as for the purpose of devising precision motion control laws for this novel configuration precise cable drive mechanism.
However, only the driving capability, positioning performance and transmission backlash test are conducted, and further experiments on the transmission stiffness, and parametric sensitivities could be proceeded to completely characterize the behaviour of the MISO with bevel gear configuration precise cable drive mechanism.
Conclusion
This paper investigates the design and performance analysis of a MBCDM with high precision and large torqueto-weight ratio. The mechanical design methods, including transmission configuration and transmission kinematics are elaborated. Analytical methods are successfully developed to model the transmission backlash of the proposed configuration. Affect and sensitivity of major design parameters on the transmission characteristics are analyzed. A prototype of the MBCDM is fabricated, with which a series of experiments are carried out. The results testify that the MBCDM could provide good performance. From the research results, the following conclusions have been drawn: a. This configuration combines the advantages of MISO configuration and bevel gear configuration. The fabricated mechanism could achieve a maximum output torque of 3.3 Nm with considerable toque-to-weight ratio of 9.649 N × m kg −1 .
b. The experimental results show that the transmission backlash and ripple torque are dominant nonlinear effects in the MBCDM system. It shows that the ripple torque is a function of the rotational displacement in such a system, with the highest peak at 694.3 cycle rad −1 and the amplitude of 24.67 µrad.
c. The generating mechanism of the transmission backlash is clarified. It emerges at the moment when the applied load undergoes a sudden change. The transmission backlash experimental results are in good agreement with simulation ones, with the error level of 4.14 %.
The research results in this paper would be useful in the mechanical design, as well as for the purpose of devising precision motion control laws for this novel configuration precise cable drive mechanism.
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